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Project Report

1. Statement of the Problem Studied

It is of immense interest to replace electrical interconnects with optical counterparts for both
intra- and inter-chip connections. However, the realization of such optical interconnect systems
on CMOS chips poses stringent requirements, in terms of the energy, density, bandwidth, and
CMOS-compatibility for the constituting optical and optoelectronic devices. For example, to
meet the global on-chip interconnect demands in 2022, device energies of ~ 10-20 fJ/bit and 2-10
fJ/bit are required for off-chip and on-chip interconnects, respectively [1, 2]. In this regard, it is
critical to develop micro/nanoscale lasers with significantly reduced energy budget for electrical-
to-optical signal conversion. In this project, we propose to develop electrically injected self-
organized quantum dot tube and nanowire lasers on a Si platform. We have studied the growth
and characterization of InAs/InP quantum dot tube and AlGaN nanowire heterostructures on Si.
We have further investigated the design, fabrication, and characterization of such nanoscale
lasers, with the objective to achieve both ultralow threshold and ultrahigh-speed operation.

We have recently demonstrated electrically injected rolled-up InAs quantum well (or dot) tube
lasers using a lateral injection scheme. In parallel, we have demonstrated, for the first time,
electrically injected AlGaN nanowire lasers that can operate in the UV-B and UV-C bands.
These achievements are summarized below.

2. Summary of the Most Important Results
2.1. Electrically injected rolled-up microtube lasers

Rolled-up microtubes [3-6], formed upon selective release of coherently strained
semiconducting nanomembranes have been intensively studied. They offer many extraordinary
advantages, including tunable optical emission properties by changing the diameter, layer
thickness and surface geometry of the tube devices through standard photolithography [7, 8].
Moreover, they present polarized and directional emission and have extremely high Q-factors [6-
8]. Previously, microtube coherent light sources/lasers have been demonstrated under optical
pumping. For example InGaAs/GaAs [9] and InP/InGaAsP lasing at room temperature [10] have
been demonstrated under 632 nm optical excitation. However, practical on-chip and integrated
solutions will require electrically-driven devices to directly inject carriers rather than using an
extra light source for pumping.

In this context, we have designed and fabricated InP/InGaAsP electrically injected rolled-
up tube laser devices with the incorporation of InGaAs quantum wells as the gain medium. The
devices operate at telecom wavelength range and show lasing at 80 K [11]. The device layer
structure is shown in Figure 1(a). The material layer structure was grown using molecular beam
epitaxy (MBE) on semi-insulating InP substrate. Two layers of 7 nm Ino.s32Gao.46sAs quantum
wells were grown in between three layers of Ino.s1Gao.19AS0.41Pos9 With silicon doping. There
exists a lattice mismatch between layers of Ino.s1Gao.19AS0.41Pos9 and 1no.ssGao.32AS0.41Po.59.
Therefore by selectively releasing this strained bilayer from the host substrate, the strained
bilayer nanomembrane is rolled into tubular structures, due to the minimization of strain. The



rolling, depending on the mesa shape, generally takes place along <100> crystal directions. The
quantum well heterostructure shows strong photoluminescence emission, with the peak position
at ~1.57 um as shown in Figure 1(b).
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Figure 1. (a) Schematic of the InGaAs/InGaAsP quantum well heterostructures grown on semi-insulating InP
substrate. (b) Photoluminescence spectrum measured at room temperature. (c) Optical microscopy image of
the free-standing rolled-up tube device with metal contacts. The green arrow shows the rolling direction of the
tube device. (d) SEM image of the free-standing part of the tube device showing surface corrugations for axial
mode confinement. (e) Schematic of the lateral carrier injection scheme during electrical pumping.

As described above, the entire wafer is doped n-type. Prior to the device fabrication, a single
step ion-implantation of Be was done to selectively p-dope part of the tube device. The implanted
dopant was activated by a post-implant annealing of the sample at 600 °C for 35 sec. Ni/Ge/Au and
Pd/Ti/Pd/Au were e-beam evaporated and thermally annealed as the n- and p-metal contacts,
respectively. Photolithography and wet etching in HCI:HNO3:H20 (1:2:10) were performed to etch
the U-shaped mesas deep into the InP substrate. Then another photolithography step was performed
to cover the bottom part of the U-shaped mesa with photoresist to avoid side-rolling of the mesas
during the sacrificial etching step and also to protect the metallic contacts during etching. The
sample was then put in HCI:H20 (2:1) solution for about 15 minutes during which, by etching the
underlying InP substrate layer, the coherently strained InGaAsP bilayer is rolled up to form the tube
device, shown in figure 1(c). The tube devices have diameters of about 5-6 um and the rolling takes
place along the <100> crystal direction. The SEM image of the center part of the rolled-up tube
device is shown in Figure 1(d). The presence of surface corrugations can be clearly identified, which
provide strong optical confinement along the tube axial direction. The schematic of the carrier
injection and light emission for the tube device is shown in Figure 1(e).

The device was measured under pulsed-bias conditions (1 KHz, 8% duty cycle) at 80 K. An
optical fiber was used to collect the light emission which was then guided to a spectrometer and
detected by a liquid nitrogen cooled InGaAs detector with lock-in amplification. The devices exhibit



relatively good current-voltage characteristics, shown in Figure 2(a). The current-voltage
characteristics can be further improved by optimizing the growth, doping, and annealing conditions.
The output spectra measured at 0.9 mA and 1.25 mA are shown in Figure 2(b). The corresponding
azimuthal and axial mode numbers are identified.

(a) (b)

(c) (d)
Figure 2. (a) Measured current-voltage characteristic at room temperature. (b) Electroluminescence spectra of
the rolled-up tube device measured at 0.9 mA (below threshold) and 1.25 mA (above threshold). (c)
Integrated intensity versus current for the mode (24,1) and for the background emission extracted from the
box shown in (b). Inset: Full-width-at-half-maximum of the mode (24,1) vs. current. (d) Resonance mode
distribution in a rolled-up InGaAsP tube with a wall thickness of 140 nm and diameter of 5 um calculated by
the two-dimensional FDTD method. The presence of inside notch is shown by the arrow.

With the use of a Lorentzian function method to analyze the optical modes measured at various
injection currents, the corresponding integrated area and the full-width-at-half-maximum (FWHM)
parameters were derived. Figure 2(c) shows the integrated intensity vs. current for the mode (24,1)
(~1485 nm) which exhibits a clear threshold at ~1.05 mA. Variations of the FWHM of this lasing
mode with current are shown in the inset of Figure 2(c). A clear reduction of the spectral linewidth
from ~3.3 nm to ~2 nm at the same current value is measured, further confirming the achievement of
lasing. In addition, due to the presence of doublet modes related to the spiral symmetry of the tube
cavity, the intrinsic linewidth of the lasing mode can be significantly smaller [12].

In order to evaluate the behavior of background emission at different currents, we have
calculated the integrated area of a spectral width of 4 nm separated from the mode (24,1) by 8 nm.
This spectral area is shown as the square box in Figure 2(b). Compared to the intensity of the lasing
mode, the background emission shows a negligible increase at or above the threshold current. This
provides further evidence for the observed lasing behavior, as the carrier concentration is clamped at



the threshold value. By further increasing the current, a small increase in the background emission is
observed which can be described by hot carrier effect [13].

The distribution of the stimulated optical resonance azimuthal mode for a rolled-up tube with a
wall thickness of 140 nm by the two-dimensional finite-difference time-domain (FDTD) method is
shown in Figure 2(d). The scattered light by the inside notch is clearly seen, which can be used as
the useful output of such devices, leading to controlled directional emission. For the lasing mode
(24,1), the Q factor is estimated to be ~ 800, and Vefr and nesr are estimated to be ~ 4um? and ~2.26,
respectively. The Purcell factor is then calculated to be ~ 4.3.

2.2. Al(Ga)N nanowire light emitting diodes (LEDs) on silicon

AIN and Al-rich AlGaN alloys have attracted significant attention for deep ultraviolet
(DUV) optoelectronic devices, including light emitting diodes (LEDs) and lasers, and are
positioned to replace conventional mercury DUV light sources. However, the performance of
AlGaN based DUV light sources reduces drastically due to the intrinsic electrical and optical
properties of the end compound — AIN [14-16]. In this report, we demonstrate that these
challenges can be largely addressed by nitrogen polar Al(Ga)N nanowires. With a careful control
of the growth process, an IQE of ~ 80% can be realized in the end compound — AIN at room-
temperature. Furthermore, strong band edge (~ 210 nm) electroluminescence (EL) can be
measured from AIN nanowire LEDs. The turn on voltage is only ~ 6 V, significantly lower
compared to previously reported planar AIN LEDs. With the incorporation of Ga, high
performance AlGaN nanowire deep UV LEDs can also be demonstrated.

The AIN nanowire structure is schematically shown in Figure 3(a). In this structure, to
promote the formation of AIN nanowires, GaN nanowire template was grown first. The SEM
image is shown in Figure 3(b). It is seen that highly uniform, vertically aligned AIN nanowires
can be formed, which is well suited for the fabrication of large area devices. Detailed TEM
studies further indicate that such AIN nanowires have N-polarity and are free of stacking faults
and misfit dislocations [17]. Temperature dependent photoluminescence (PL) experiments were
formed subsequently. The PL spectra measured at 20 K and room temperature are shown in
Figure 3(c). It is seen that strong band edge emission can be measured. The internal quantum
efficiency (IQE) can be further estimated by the ratio of integrated PL intensity at room
temperature vs. the integrated PL intensity at 20 K, assuming the IQE at 20 K being unity.
Shown in the inset of Figure 3(c), it is seen that the IQE is around 80 % with an excitation power
varying more than 10 times. It is further noted that this high IQE is naturally expected from
nearly defect free AIN nanowires, due to the large exciton binding energy in AIN (~ 60 meV).

(@) (b) (©)
Figure 3. (a) Schematic of AIN nanowires. (b) SEM image of AIN nanowires. (c) The PL spectra
measured at 20 K and 300 K, with the inset showing the derived IQE vs. excitation power.



The electrically injected devices, which consist of n- and p-GaN contact layers, and AIN p-
i-n junctions, were fabricated subsequently. The structure of the device is schematically shown in
Figure 4(a). In this fabrication, to avoid any deep UV light absorption, no polymer passivation
was used. Instead, a direct metal deposition was used for p-contact. The I-V characteristics of
AIN nanowire LEDs with a size of 0.3 mm by 0.3 mm are shown in Figure 4(b). It is seen that at
a forward current of 20 mA (~ 20 A/cm?), the forward voltage is only ~ 8 V, which corresponds
to an electrical efficiency of ~ 74 % for an emission wavelength of ~ 210 nm (shown in Figure
4(c)) if using 20 A/cm? as the operation point. The EL spectra measured under different injection
currents are shown in Figure 4(c). It is seen that as the injection current increases, the EL
intensity increases linearly (illustrated by the integrated EL intensity in the inset of Figure 4(c)).
With further incorporating Ga, AlGaN nanowire deep UV LEDs emitting at ~ 290 nm were
realized [17].

(@) (b) (©
Figure 4. (a) Schematic of the fabricated AIN nanowire LEDs. (b) I-V characteristics of AIN nanowire
LEDs measured at 300 K. (c) The EL spectra measured at 300 K, with the inset showing the integrated
EL intensity vs. the injection current.

The significantly improved electrical performance compared to AIN planar LEDs [18, 19]
can be ascribed to the enhanced Mg-dopant incorporation in nanowires, due to the reduced
formation energy for Al-substitutional Mg in the near-surface region and the reduced growth rate
of AIN nanowires [17, 20]. The resulting efficient hole hopping conduction leads to relatively
low device resistance.

2.3. Ultralow threshold, electrically injected nanowire lasers on Si

Deep ultraviolet (UV) lasers are important light sources for a wide range of applications
including disinfection, water purification, and bio/chemical sensing. To date, however, the
currently reported electrically injected semiconductor lasers with conventional AlGaN multiple
quantum well structures are limited to the UV-AI band (~ 340-400 nm) [21]. In this work, we
demonstrate the use of nearly defect-free AlIGaN core-shell nanowires as a solution to bridge the
gap in the deep UV spectral range. We have discovered that the randomly distributed AlGaN
nanowire arrays can function as a high Q optical cavity, due to the Anderson localization of light.
We have further demonstrated electrically injected AlGaN nanowire lasers that can operate in the
entire UV-AIIl, UV-B, and UV-C bands [22-24].

The realization of electrically injected AlIGaN nanowire lasers in the UV-All band (~ 315-
340 nm) is first described. The nanowire structure is schematically shown in Figure 5(a), which
consists AlGaN p-i-n layers and n- and p-GaN contact layers [22]. An Al-rich AlGaN shell was
spontaneously formed during the nanowire growth process, which can largely suppress



nonradiative surface recombination. The SEM image of AlGaN nanowires is shown in Figure
5(b). In such randomly distributed AlGaN nanowire arrays, strong light confinement can be
realized due to the Anderson localization, shown in Figure 5(c). The I-V characteristics
measured at low temperature are shown in Figure 5(d). The EL spectra are shown in Figure 5(e).
It is seen that as the injection current increases, a sharp peak centered ~ 334 nm appears, with a
spectral linewidth of 0.2 nm. The corresponding light output vs. current (L-1) curve is shown in
the inset of Figure 5(e). The threshold current density is only ~ 12 A/cm? at low temperature (6
K), which is orders of magnitude lower compared to the previously reported AlGaN quantum
well lasers in the similar wavelength range at room-temperature [25, 26]

(@) (b) (©)

(d) (e)
Figure 5. (a) The layer-by-layer schematic of AlGaN nanowire laser structure. (b) SEM image of AlGaN
nanowires. (¢) The simulated electrical field distribution. (d) I-V characteristics of AlGaN nanowire
lasers. (e) EL spectra of AIGaN nanowire lasers, with the inset showing the L-I curve. [22]

By further optimizing the nanowire diameter and fill factor as well as Al content,
electrically injected AlGaN nanowire lasers in the deep UV spectral range can be realized. The
EL emission was measured under continuous-wave biasing conditions at 77 K. Illustrated in
Figure 6(a), as the injection current increases, a sharp peak centered around 262.1 nm appears.
Above threshold, the spectral linewidth is ~ 0.3 nm. The laser threshold is ~ 200 A/cm?,
illustrated in Figure 6(b), which is about two orders of magnitude smaller than that (20 kA/cm?)
measured from electrically injected AlGaN quantum well lasers at 336 nm [26]. The L-I curve
for the background emission is also shown in Figure 6(b). It is seen that above threshold the
intensity of the background emission only increases slightly. The inset of Figure 6(b) shows the
L-1 curve of the lasing peak in a logarithmic scale, and a clear S-shape curve, corresponding to
spontaneous emission, amplified spontaneous emission, and lasing, can be observed. This
provided unambiguous evidence for the achievement of lasing. Figure 6(c) shows the linewidth
reduction from 1.2 nm to 0.3 nm near the threshold, and Figure 6(d) shows that the lasing peak



remains highly stable above the threshold without any measureable wavelength shift. Such a low
threshold deep ultraviolet laser is made possible due to the nearly defect-free AlGaN nanowires,
the presence of quantum dot like nanostructures, and the high Q optical cavity.

Figure 6. UV-C lasing characteristics measured at 77 K [23]. (a) The EL spectra under different injection
currents. (b) The L-1 curve. The solid blue circles are for the 262.1 nm lasing peak, while the solid black
squares are from the boxed region in (a). The inset shows the L-I curve of the 262.1 nm peak in a
logarithmic scale. The solid lines are guide-for-eye. (c) and (d) The EL spectral linewidth and the
variation of the lasing wavelength as a function of the injection current density, respectively.
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